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Wastewater	 which	 primarily	 emanates	 from	 mining	 operations	 and	 manufacturing	 industries,	 has	 the	























Ca:SO4	 molar	 ratio	 of	 1:1	 did	 not	 yield	 equilibrium	 sulphate	 conversions,	 as	 a	 result	 of	 the	 incomplete	
dissolution	of	calcium	hydroxide	for	the	given	residence	time	of	the	reactor	and	calcium	hydroxide	suspension	




calcium	 to	 sulphates	 in	 the	 feed	 stream,	 based	 on	 the	 characteristic	 suspension	 used.	 Residual	 sulphate	
concentrations	(2200	ppm	at	15	g/L	to	1400	ppm	at	35	g/L),	even	after	equilibrium	conversions	were	achieved,	









An	 alternative	 treatment	 process	 was	 also	 explored	 to	 recover	 products	 in	 separate	 stages.	 The	 process	
involved	two	stages.	The	first	step	involved	precipitation	of	magnesium	hydroxide	with	caustic	soda,	since	the	
stream	is	rich	in	magnesium	sulphate.	The	next	step	treated	the	sodium	sulphate	generated	in	the	first	stage,	
by	 forming	gypsum	when	dosed	with	a	 calcium	hydroxide	 suspension.	 The	 second	 stage	also	 regenerates	
caustic	soda	that	could	potentially	offset	reagent	costs	 in	the	first	stage.	Thermodynamic	modelling	found	


























































































































































































































































































































detrimental	 to	 the	 environment	 and	 substantial	 investment	 has	 been	made	 towards	 developing	 effective	














applicability	 for	 reuse.	 These	 disadvantages	 have	 led	 to	 further	 research	 into	more	 efficient	 precipitation	






water	 (Aldaco	 et	 al.,	 2007)	 as	 well	 as	 heavy	 metal,	 phosphate	 and	 fluoride	 removal	 from	 wastewaters	
(Seckler,1994).	 	 The	 use	 of	 fluidised	 bed	 crystallizers	 allows	 for	 controlled	 precipitation	 and	 has	 many	
advantages	over	conventional	stirred	tank	crystallizers.	Fluidised	bed	crystallizers	use	seeds	to	minimise	the	
generation	of	fine	particles	by	providing	a	large	surface	area	for	crystal	growth	or	deposition	and	act	as	a	site	
























This	 project	 focused	 on	 investigating	 the	 treatment	 of	 saline	 wastewaters	 which	 are	 rich	 in	 sodium	 and	













magnesium	 hydroxide	 and	 gypsum.	 The	 focus	 was	 to	 investigate	 options	 that	 recovered	 the	 products	





















































	 	 	 	




































Solubility,	 curves	 such	 as	 that	 shown	 in	 Figure	 2.2,	 can	 be	 conveniently	 generated	 using	 thermodynamic	
simulation	packages	such	as	OLI	Stream	AnalyserTM	(OLI	Manual,	2015).	Thermodynamic	packages	account	for	









Crystallization	 and	 precipitation	 phenomena	 can	 be	 categorised	 into	 two	 stages,	 namely,	 nucleation	 and	
crystal	 growth.	 The	 first	 step,	 nucleation,	 involves	 the	 formation	 of	 the	 first	 embryonic	 clusters	 which	
subsequently	 grow	 to	 produce	 crystals.	 This	 occurs	when	 ions	 or	molecules	 in	 a	 supersaturated	 solution	




























Zn(+2)	tot Cu(+2)	tot Pb(+2)	tot Ni(+2)	tot






























































∆&∗xQy = :∆&∗xz{	 Equation	9	
The	relationship	between	θ	and		φ		is	presented	in	Equation	10	(Mullin,	2001):	
: =





complete	 non-wetting,	 f(φ)	 =	 1	 and	 the	 energy	 required	 for	 nucleation	 is	 equal	 to	 that	 of	 homogeneous	
nucleation.	When	there	is	complete	affinity	or	complete	wetting,	f(φ)	=	0	and	∆G	*=	0.	When	there	is	partial	


























mixing,	where	 the	prevailing	supersaturation	zone	 is	determined	by	 the	nature	of	mixing.	 It	 is	difficult	 for	






















































































= 'Å~ SÇ − SW 												(Diffusion)	 Equation	11	
Å{
Åy































































































• The	periodic	structure	of	the	crystal	 lattice	 imposed	by	the	bonding	energies	between	atoms,	 ions	
and	molecules	that	make	up	the	lattice	(thermodynamic)	
• The	conditions	under	which	the	crystal	is	grown	(kinetic)	
It	 is	 possible	 to	 predict	 the	 morphology	 of	 a	 known	 crystal;	 however,	 this	 is	 only	 practically	 valid	 if	
thermodynamics	prevail	over	kinetics.	In	other	words,	if	the	growth	kinetics	are	relatively	slow	(Lewis	et	al.,	
2015).	The	study	on	crystal	morphology	 is	of	particular	 interest	 in	 industry	due	to	 its	 influence	on	product	
handling	 and	 downstream	 processing.	 Crystal	 habit	 will	 affect	 the	 rheological	 properties,	 filtration	 and	
centrifugation	efficiency	and	the	bulk	density	of	the	solid	(Mersmann,	2001).	
The	 type	 of	 reactor,	 hydrodynamics	 and	 temperature	 are	 some	of	 the	 factors	 that	 influence	morphology	
(Jones,	2001	and	Sunagawa,	2005).	For	the	purpose	of	this	study,	temperature	and	pressure	effects	are	will	




























































Fluidisation	 is	 the	process	whereby	a	granular	material	 is	converted	 from	a	static	solid	state	 to	a	dynamic	









































































































in	 precipitation,	 followed	 by	 a	 survey	 of	 literature	 and	 ideas	 developed.	 The	 problem	 statement	 is	 then	
presented,	followed	by	the	aim,	objectives,	hypotheses	and	key	questions.	
3.1 Introduction	




reactive	 crystallization	 of	 calcium	 sulphate	 dihydrate	 (gypsum)	 from	 acid	 wastewater	 and	 lime	
(Zhang	et	al.,	2013).	 The	 added	 calcium	 ions	 react	 with	 sulphate	 ions,	 which	 are	 commonly	 present	 in	
wastewater	streams,	to	produce	a	gypsum	precipitate.		It	is	important	that	the	characteristics	of	the	resulting	
precipitates	are	 such	 that	 the	 solids	 can	be	 removed	 from	 the	 residual	water	 stream,	either	 for	 re-use	 in	
mining	 processes	 or	 other	 applications.	 It	 has	 been	 found	 that	 gypsum	 forms	 very	 small	 particles	 during	
precipitation,	 (Karidakis	 et	 al.,	 2005)	 which	 are	 difficult	 to	 separate	 from	 the	 treated	 liquid	 through	
gravitational	separation	or	filtration.	
Fluidised	bed	 crystallizers	have	been	 identified	 as	 an	effective	 reactor	 configuration	 for	products	 that	 are	
difficult	 to	 separate	 from	 the	 residual	 stream	 (Guillard	 and	 Lewis,	 2001),	 like	 gypsum.	 This	 allows	
















Before	 operation,	 the	 reactor	 is	 charged	 with	 a	 batch	 of	 pre-characterised	 seeds,	 which	 is	 subsequently	








excess	 of	 equilibrium	 concentrations	 or	 to	 lower	 the	 supersaturation	 in	 the	 reactor.	 Key	 parameters	 of	
operation	are	the	reactant	feed	rates,	recirculation	rate,	initial	height	of	the	bed	at	zero	flow	and	size	and	type	
of	seeds.	
An	advantage	of	using	 fluidised	bed	crystallizers	 is	 that	 it	allows	 for	good	mixing	of	 reactants	on	both	 the	
macro	and	meso-scale,	so	that	local	supersaturation	levels	can	be	controlled	(Guillard,	2001).	Fluidised	beds	
also	give	 rise	 to	conditions	of	good	mass	 transfer	 (Geldart,	1973).	Fluidized	beds	are	optimized	 for	crystal	














and	 subsequently	 migrate	 to	 the	 bottom	 of	 the	 reactor.	 Another	 separation	 feature	 of	 fluidised	 bed	
crystallizers	is	its	ability	to	classify	crystals	according	to	size,	where	the	upward	flow	of	the	fluidising	stream	
elutriates	very	small	particles.	This	particle	size	depends	on	the	velocity	of	the	upward	flowing	stream.	These	
small	 particles	would	 otherwise	 be	 classified	 as	 a	 product	 in	 an	MSMPR.	 This	 separation	 feature	may	 be	











very	 difficult	 to	 obtain	 uniform	 supersaturation	 in	 any	 reactor.	 High	 local	 supersaturation	 zones	 lead	 to	
spontaneous	 primary	 nucleation	 (Seckler,	 1994;	 Guillard	 and	 Lewis,	 2001;	 van	 Hille,	 2005)	 that	 form	
unfavourable	fine	particles	which	are	lost	with	the	effluent	stream.	The	supersaturation	profile	in	a	fluidised	
bed	crystallizer	in	particular,	forms	a	gradient	with	a	high	degree	of	supersaturation	closer	to	reagent	inlet	
ports	 in	 the	 lower	 region	of	 the	 reactor,	 and	decreases	along	 the	height	of	 the	 reactor	 as	 a	 result	of	 the	
progressing	 precipitation	 reaction	 (Seckler,	 1994).	 On	 the	 other	 hand,	 zero	 supersaturation	 inhibits	 the	
precipitation	 process	 and	 agglomeration	 of	 fine	 particles.	 It	 is	 therefore	 vital	 to	 control	 the	 level	 of	

















and	 thus	 supersaturation,	 does	 not	 exceed	 a	 certain	 amount.	 This	 was	 shown	 to	 grow	 large	 crystals	 by	









suspension	 of	 a	 sparingly	 soluble	 compound	 into	 the	 system.	 The	 effectiveness	 of	 using	 a	 suspension	 to	
control	 supersaturation	 in	 a	 fluidised	 bed	 reactor	 in	 this	 way	 has	 been	 studied	 by	 Seckler	 (1994).	 The	
investigation	compared	process	inefficiencies,	that	is	the	formation	of	fines	due	to	high	supersaturation	when	















osmosis	 and	 electrochemical	 methods,	 due	 to	 its	 significant	 economic	 advantage	 (Zhang	 et	 al.,	 2013).	























Moreover,	 in	 precipitation	 processes	 where	 controlling	 supersaturation	 is	 important	 for	 desired	 product	
characteristics,	 the	 concentration	 of	 calcium	 hydroxide	 in	 solution	 remains	 constant	 at	 1.8	 g/L	 as	 the	




in	 this	 case	 calcium	 hydroxide,	 lowers	 the	 activation	 energy	 for	 primary	 nucleation,	 which	 promotes	 the	
formation	of	fines.	
Factors	that	affect	the	dissolution	rate	of	calcium	hydroxide	are	the	purity,	pH,	particle	size	distribution,	that	










































For	 a	 given	 supersaturation	 and	 seed	PSD,	 the	expected	 growth	 rate	of	 crystals	 increases	with	 increasing	
superficial	 velocity	 in	 a	 fluidised	 bed	 crystallizer	 (Aldaco	 et	 al.,	 2007).	 The	 increase	 in	 superficial	 velocity	
improves	mass	transfer,	and	thus	nucleation	and	crystal	growth.	However,	high	superficial	velocities	increase	
the	porosity	of	 the	bed,	 resulting	 in	 regions	 that	 favour	primary	nucleation	and	 thus	 fines.	Moreover,	 the	










































found	gypsum	 to	be	a	 viable	 seeding	material,	whereby	 size	enlargement	proceeds	 via	 crystal	 growth	 for	
solutions	of	low	supersaturation	(S	=	2	-	3.5).	As	a	result,	this	would	minimise	fines	formation	and	enhance	
gypsum	recovery.	The	study	also	concluded	that	silica	was	a	viable	seeding	material	for	gypsum	precipitation,	




co-workers	 (2005)	 precipitated	 copper	 sulphide	on	 silica	 seeds	 at	 conditions	 of	 very	 high	 supersaturation	
(S	>	1014).	In	this	case	the	method	of	attachment	of	the	precipitate	on	the	seed	surface	was	hypothesised	to	
be	through	agglomeration,	which	is	expected	given	the	high	degree	of	supersaturation.	Other	work	includes	





Using	silica	allows	for	good	fluidisation	but	requires	a	higher	activation	energy	 for	 the	first	 layer	of	crystal	
formation	in	comparison	to	that	of	the	crystallizing	substance.	This	higher	activation	energy	results	from	the	
wetting	 angle	 differences	 in	 gypsum	 and	 silica	 seeds.	 In	 the	 precipitation	 of	 gypsum,	 gypsum	 seeds	 are	
expected	to	have	a	smaller	wetting	angle	compared	to	silica	seeds.	In	the	case	where	silica	seeds	are	used,	






When	gypsum	seeds	are	used,	 the	 transfer	of	 ions	 from	the	aqueous	solution	 into	 the	solid	phase	occurs	
through	crystal	growth	and	secondary	nucleation	in	the	bulk.	The	product	may	be	milled	and	healed	for	seed	
generation,	which	leaves	the	gypsum	in	a	solid	state	as	opposed	to	dissolving	it	as	is	in	the	case	of	silica	seeds.		
Another	 factor	 to	 consider	when	 choosing	 the	 type	of	 seeding	material	 is	 the	 amount	of	 fines	 generated	
through	attrition,	 that	 is,	 crystal	breakage	as	a	 result	of	particle	 collisions.	Gypsum	seeds	are	expected	 to	

































process, since	 mechanisms	 such	 as	 nucleation,	growth	 and	 agglomeration	 are	 all	 surface	 dependent	















the	 fluidised	 bed	 and	 no	 longer	 take	 part	 in	 the	 crystallization	 process.	 In	 this	 sense,	 a	 fluidised	 bed	
configuration	may	not	be	as	beneficial	as	a	reactor	that	can	retain	these	fines,	such	as	an	MSMPR.	However,	
if	 it	 was	 possible	 to	 recirculate	 these	 fines	 back	 into	 the	 reaction	 zone,	 this	may	 improve	 efficiencies	 as	
described	above.	
In	 addition	 to	 fines,	 using	 a	 calcium	 hydroxide	 suspension	 also	 increases	 the	 specific	 surface	 area	 in	 the	
system.	 The	 solid	 calcium	 hydroxide	 particles	 that	 are	 yet	 to	 be	 dissolved	 promote	 surface	 dependent	
mechanisms	 and	may	 serve	 as	 a	 site	 for	 growth	 and	 subsequently	 become	 armoured,	 that	 is,	 coated	 by	
precipitates	 undesirably.	While	 this	 increase	 in	 surface	 dependent	 mechanisms	may	 increase	 conversion	
efficiencies,	the	armouring	of	calcium	hydroxide	decreases	the	supply	of	hydroxyl	and	calcium	ions	to	their	
respective	reactions	as	unreacted	calcium	hydroxide	particles	leave	the	system	with	the	product.	A	study	by	






created	by	larger	particles,	and	is	 less	 likely	to	fluidise	the	bed.	Moreover,	the	shape	of	particles	 is	equally	













1.4	 to	4	 g/cm3.	Group	C	 and	D	particles	on	 the	other	hand,	 are	difficult	 to	 fluidise.	Group	C	particles	 are	
described	as	cohesive	or	very	fine	powders	and	have	diameters	less	than	30	μm.	Particles	that	fall	in	this	group	








It	 is	 uncommon	 for	 industrial	 wastewaters	 to	 exist	 as	 simple	 binary	 streams,	 but	 occur	 rather	 as	
multicomponent	 systems.	 Wastewaters	 particularly	 emanating	 from	 mining	 processes	 have	 varying	
concentrations	 and	 compositions	 of	 dissolved	 salts.	Waste	 streams	with	magnesium,	 sodium	and	 calcium	
sulphates	in	particular,	are	very	common	(Randall,	2010).	The	presence	of	many	components	in	an	aqueous	
system	 can	 introduce	 many	 complexities.	 According	 to	 Mullin	 and	 co-workers	 (2001),	 these	 additional	















Of	particular	 importance	 is	 the	behaviour	of	 calcium	 sulphate	 in	multicomponent	 systems,	particularly	 its	
solubility,	because	of	its	tendency	to	scale	in	most	water	treatment	systems.	The	solubility	of	calcium	sulphate	
















    
The	extent	to	which	magnesium	is	hydrated	is	larger	than	sodium	due	to	magnesium’s	higher	charge	density.	

















effect	 thus	 decreases	 the	 solubility	 of	 a	 compound	 in	 solution.	 In	 this	 particular	multicomponent	 system,	
calcium	is	also	a	common	ion	between	calcium	sulphate	and	calcium	hydroxide.	This	means	that	the	solubility	
of	calcium	sulphate	is	lowered,	which	results	in	more	gypsum	precipitates	forming	or	the	solubility	of	calcium	
hydroxide	being	 lowered,	which	would	 stop	 its	 dissolution	 altogether.	 This	would	 in	 turn,	would	 stop	 the	
precipitation	of	gypsum	due	the	absence	of	calcium	ions.		
The	solubility	of	gypsum	in	the	presence	of	magnesium	sulphate	and	sodium	sulphate	was	predicted	by	Ahuja	





















The	crystallization	of	 gypsum	 is	 controlled	by	 two	mechanisms:	nucleation	and	 the	 subsequent	growth	of	
nuclei	into	larger	crystals	(Mullin,	2001).	Precipitation	reactions	are	characteristically	fast,	and	the	nucleation	
rate	is	assumed	to	dominate	over	the	growth	rate.	The	nucleation	rate	for	gypsum	depends	on	the	degree	of	





































finally	secondary	nucleation	 in	 the	presence	of	gypsum	accumulating	 in	 the	bed.	 It	 is	however,	difficult	 to	











phase	 in	 the	 system.	 This	 is	 known	 as	 the	 induction	 time	 and	 is	 inversely	 related	 to	 the	 nucleation	 rate	











that	 the	 nucleation	 rate	 of	 gypsum	would	 be	 very	 high	 for	wastewaters	 of	 high	 sulphate	 concentrations,	

































decrease	 implying	 that	 crystal	 growth	 took	 place.	 The	 study	 also	 found	 that	 the	 presence	 of	magnesium	
hydroxide	seeds	eliminated	the	induction	time.	By	changing	the	fluid	dynamics	(agitator	speed	of	80	–	800	
RPM),	 the	 rate	 of	 crystallization	 of	magnesium	hydroxide	 did	 not	 change,	 suggesting	 it	 is	 controlled	 by	 a	
surface	limiting	process. Due	to	the	low	Ksp	(1.8	x10	11)	of	magnesium	hydroxide,	the	supersaturation	levels	
are	significantly	high	at	the	concentrations	for	this	study	(80%	of	the	total	salt	concentration).	This	may	not	


































30-50	µm	 in	 seeded	experiments	over	a	 concentration	 range	of	0.1	 to	0.6	M	 ,respectively.	 It	 is	 therefore	










The	 term	 for	 these	 structures	 is	 spherulites	 (Granasy,	 2005).	 They	 are	 known	 to	 form	 under	 highly	 non-
equilibrium	conditions,	such	as	high	 levels	of	supersaturation.	Studies	have	 found	that	spherulites	may	be	
identified	by	two	categories	 illustrated	 in	Figure	3.12.	The	first	category	describes	crystals	growing	radially	












































The	 formation	 of	 fines	 is	 usually	 avoided	 by	 using	 seeded	precipitation,	 however	 in	 the	 presence	 of	 high	
supersaturation	zones	at	the	reactant	inlet	ports	or	due	to	channelling,	particularly	in	the	fluidised	bed,	fines	
may	still	 form	through	primary	nucleation.	 	At	extremely	high	concentrations	the	presence	of	seeds	might	
actually	 increase	 inefficiencies	 by	 promoting	 nucleation.	 Furthermore,	 high	 energy	 dissipation	 zones,	
predominantly	at	the	bottom	of	the	reactor	and	inlet	ports,	trigger	fines	formation	through	attrition	when	
crystals	collide.	However,	maintaining	a	small	average	seed	size	minimises	fines	formation	through	attrition.	












® % = 	




8 % = 	® % − ɳ % 	 Equation	25	
































The	 presence	 of	 seeds	 in	 a	 precipitation	 system	 allows	 for	 nucleation	 to	 occur	 at	 lower	 degrees	 of	
supersaturation,	as	well	as	to	serve	as	a	site	for	crystal	attachment	either	through	growth	or	agglomeration.	
























suspension	 (Seckler,	 1994).	 A	 study	 by	 Karidakis	 and	 co-workers	 (2005)	 employed	 the	 same	 method	 of	
supersaturation	 control	 by	 adding	 the	 base	 reagent,	 calcium	 hydroxide,	 as	 a	 solid	 in	 the	 precipitation	 of	
magnesium	hydroxide	and	gypsum	in	a	stirred	tank	reactor.	The	study	revealed	that	calcium	hydroxide	fed	in	
excess	 produced	 better	 conversions	 compared	 to	 stoichiometric	 amounts.	 This	 implies	 that	 adding	 a	




higher	 than	that	of	previous	researchers.	The	concentration	 levels	 for	 this	project	are	between	1	500	and	


















means	 that	 at	 low	 concentrations,	 the	 rate	 of	 crystallization	 is	 slower	 than	 for	 higher	 concentrations.	































gravitational	 separation	 and	 filtration	 is	 difficult.	 Fine	 particles	 remain	 suspended	 and	 recovery	 through	
gravitational	separation	is	not	efficient.	On	the	other	hand,	separation	through	filtration	is	difficult	because	

















































































A	 rotary	 gear	 pump	 (Micro	 pump)	was	 used	 to	 pump	 the	 synthetic	 saline	 solution	 into	 the	 bed	 to	 attain	
fluidisation.	The	pump	eliminated	a	pulsating	flow	that	would	otherwise	affect	the	process	.The	saline	solution	
was	stored	in	a	plastic	25	L	tank	which	was	continuously	agitated	to	eradicate	concentration	gradients.	
A	 peristaltic	 pump	 (Watson	Marlow	 505s)	 was	 used	 to	 pump	 the	 calcium	 hydroxide	 suspension	 into	 the	







































the	 Spectroquant®	 NOVA	 60A	 photometer	 (±	 5ppm).	 Sulphate	 concentrations	 were	 determined	 through	
turbidity	measurements	 from	 the	 reaction	with	 barium	 sulphate.	 Calcium	and	magnesium	 concentrations	
were	determined	photometrically	when	 the	 ions	 react	with	phthalein	purple	 to	 form	a	violet	dye	 (Merck,	
















Sulphate	salts	 1.5	 8	 15	 35	 50	 120	
CaSO4	 0.15	 1.5	 1.5	 1.5	 1.5	 1.5	
MgSO4	 1.2	 6.4	 12	 28	 40	 96	
Na2SO4	 0.15	 0.1	 1.5	 5.5	 8.5	 22.5	
	















1.5	 200	 0.90	 0.18	
8	 200	 4.81	 0.96	
15	 200	 8.99	 1.8	
35	 200	 20.9	 4.2	
50	 200	 29.9	 6.0	
























The	 reactor	 was	 run	 for	 3	 hours	 to	 achieve	 continuous	 operation,	 with	 intermittent	 product	 removal	 as	
required	 per	 run.	 Operation	 for	 longer	 than	 3	 hours	 is	 possible,	 however	 the	 laboratory	 has	 logistical	

















































































































































For	 this	 particular	 stream	 composition,	 the	 maximum	 amount	 of	 gypsum	 that	 can	 be	 precipitated	 is	
approximately	42	g/L	and	is	46	g/L	for	a	binary	system.	In	the	case	of	magnesium	hydroxide,	approximately	
14	g/L	can	be	expected	for	the	multicomponent	stream	as	well	as	a	binary	system.	The	maximum	amount	of	
a	precipitate	 formed	 in	a	multicomponent	 system	may	be	 less	 than	 for	binary	 systems	of	 the	 same	 initial	
concentration,	due	to	ion	interactions.	This	means	that	some	ions	are	unavailable	to	participate	in	the	reaction	
and	this	accounts	for	the	discrepancy	between	a	multicomponent	and	binary	system.	When	comparing	the	
equilibrium	 conversion	 of	magnesium	 hydroxide	 in	 a	 binary	 system	with	 the	 theoretical	multicomponent	
conversion,	there	is	no	significant	difference.	However,	the	expected	conversion	of	sulphate	is	slightly	lower.	





















































































to	predict	 the	possible	 species	 expected	 in	 this	multicomponent	 system	and	 is	 displayed	Table	 9.2	 in	 the	
appendix.	It	was	found	that	sulphate	ions	are	prone	to	form	ion	pairs,	particularly	in	the	presence	of	sodium	
ions,	which	is	agreement	with	the	trend	observed	in	Figure	5.3.		
In	 addition	 to	 complexing,	 the	 common	 ion	 effect	 is	 also	 known	 to	 affect	 the	 solubility	 of	 gypsum	
(Spiegler	et	al.,	1980).	The	presence	of	the	common	sulphate	ion	shared	by	sodium	and	magnesium	sulphate	




consumption	of	 calcium	and	hydroxide	 ions	 in	 their	 respective	 reactions	 forming	gypsum	and	magnesium	
hydroxide.	 If	 the	 dissolution	 of	 calcium	 hydroxide	 is	 limited	 by	 the	 calcium	 in	 solution	 as	 a	 result	 of	 the	
equilibrium	concentration	of	calcium	sulphate,	the	formation	of	gypsum	is	hindered,	corresponding	to	the	
trend	observed	 in	 Figure	5.2.	 	 Thermodynamic	modelling	 found	 that	 this	was	 in	 fact	 the	 case,	where	 the	
addition	of	 equilibrium	 concentrations	 of	 both	 calcium	 sulphate	 (1.5	 g/L)	 and	 calcium	hydroxide	 (1.8	 g/L)	
resulted	in	some	calcium	hydroxide	not	being	dissolved.	The	model	was	then	extended	to	include	the	effects	
of	magnesium	 sulphate,	which	 showed	 that	 the	 dissolution	 of	 calcium	 hydroxide	was	 then	 driven	 by	 the	
consumption	of	hydroxide	ions	to	form	magnesium	hydroxide.	The	effects	of	sodium	sulphate	in	comparison	
to	magnesium	sulphate	was	then	investigated	and	found	that	for	stoichiometric	amounts	of	sulphate	(in	the	
form	 of	 magnesium	 sulphate	 or	 sodium	 sulphate),	 the	 amount	 of	 gypsum	 formed	 in	 the	 presence	 of	
magnesium	(3.5	g/L	of	gypsum)	was	higher	than	in	the	presence	of	sodium	(1.9	g/L	of	gypsum).	This	finding	is	
in	agreement	with	the	trend	observed	for	calcium	and	sulphate	activity	coefficients	in	Figure	5.3.		





























Supersaturation	 estimations	 were	 determined	 as	 a	 tool	 to	 identify	 potential	 crystallization	 mechanisms	
occurring	in	the	system.	Thermodynamic	modelling	was	used	to	approximate	activity	coefficients	to	calculate	





















































From	 Figure	 5.5	 it	 can	 be	 seen	 that	 the	 supersaturation	 of	 gypsum	 increases	 with	 increasing	 salt	
concentration,	as	expected.	There	is	a	steep	increase	from	1.5	g/L	to	50	g/L	and	a	gradual	increase	from	50	
g/L	 to	 120	 g/L.	 This	 trend	 is	 a	 result	 of	 the	 decrease	 in	 activity	 coefficients	 at	 higher	 concentrations	
investigated	in	Figure	5.3.	The	supersaturation	of	magnesium	hydroxide	follows	the	same	trend	as	gypsum,	
with	a	steep	increase	at	concentrations	1.5	g/l	to	50	g/l	and	a	gradual	increase	from	50	g/L	to	120	g/L.	It	should	




It	 should	 be	 noted	 that	 supersaturation	 estimations	 are	 based	 on	 the	 assumption	 that	 reactants	 mix	

























































Preliminary	 batch	 experiments	 were	 conducted	 to	 establish	 feasible	 operating	 conditions.	 This	 section	
discusses	findings	on	general	observations,	pH,	fluidisation	and	feasible	regions	of	operation.	




The	 first	 part	 of	 this	 work	 was	 carried	 out	 using	 two	 different	 kinds	 of	 seeds.	 Initially,	 gypsum	 seeds	















and	 remained	 constant	 thereafter.	Guillard	and	 co-workers	 (2001)	 found	 that	 their	 system	 (50-150	mg/L)	
required	a	48	hour	‘start	up’	period	in	which	silica	particles	were	coated,	before	experiments	were	conducted.	




showed	attachment	of	distinct	primary	crystals	 (see	Figure	9.17	 in	appendix),	 indicating	 that	nucleation	 is	
occurring,	crystal	growth	and	agglomeration	is	occurring.	
It	 was	 found	 that	 a	 20	 wt.%	 calcium	 hydroxide	 suspension	 caused	 channelling	 in	 the	 bed	 and	 pumping	
challenges	 as	 a	 result	 of	 its	 solid	 content	 and	 viscosity.	 A	 gel	 like	 substance,	 characteristic	 of	 hydroxides	
(Neal	and	 Stanger,	 1984)	 remained	 fixed	 in	 higher	 regions	of	 the	bed	 (Figure	9.7).	 The	 calcium	hydroxide	












seeds	 for	a	35	g/L	synthetic	solution	 (S	=	11.2).	This	 is	 in	agreement	with	 literature,	which	 found	that	 the	
presence	of	seeds	promotes	crystal	growth	on	its	surface	(Seckler,	1994;	Guillard	and	Lewis,	2001),	however,	




as	expected.	 	The	 formation	of	 fines	 in	 the	presence	of	seeds	 implies	 that	 there	 is	 in	 fact	heterogeneous,	



















































































However,	 it	 was	 also	 observed	 that	 in	 the	 presence	 of	 seeds,	 calcium	 hydroxide	 was	 dispersed	 more	
thoroughly	in	the	bed	by	the	seeds	than	in	the	absence	of	seeds,	where	calcium	hydroxide	remained	as	a	gel	
without	being	effectively	 dispersed.	 This	means	 that	 seeds	 facilitate	 the	dissolution	of	 calcium	hydroxide,	















and	 removal	 efficiency	 of	 the	 process.	 Figure	 5.8a-e	 are	 SEM	 images	 of	 the	 products	 harvested	 for	 the	











appears	 to	 be	 a	 compact	mineral	 layer	 of	 needle	 shaped	 crystals	 arranged	 in	 a	methodical	 packing.	 The	
crystallographic	angle	of	these	crystals	may	be	at	90°	to	the	heterogeneous	surface,	due	to	the	orientation	of	













different,	while	the	change	 in	supersaturation	ratios	 is	only	slight	 (from	4.2	to	4.8).	This	 indicates	that	the	
switch	 over	 from	 a	 growth	 dominated	mechanism	 to	 nucleation-attachment	 mechanism	 occurs	 within	 a	
narrow	 supersaturation	 range.	 The	 increase	 in	 primary	 crystal	 sizes	 at	 15	 g/L	 is	 due	 to	 the	 influence	 of	
supersaturation	on	the	growth	rate	of	gypsum.	The	rate	is	second	order	with	respect	to	supersaturation,	due	
to	 the	 dependence	 on	 the	 concentration	 driving	 force.	 In	 the	 two	 step	 growth	 model,	 the	 increase	 in	









amount	of	 solids	 formed	due	 to	 the	 faster	 crystallization	 rate	 induced	at	higher	 levels	of	 supersaturation.	
However,	the	crystals	have	preserved	their	structural	shapes,	which	is	uncharacteristic	of	crystals	undergoing	










joined	together	but	size	enlargement	through	growth	 is	also	possible.	This	 is	 in	agreement	with	 literature,	
which	reported	platelets	of	gypsum	crystals	forming	at	high	levels	of	supersaturation	(Seewoo	et	al.,	2004;	
Lewis	et	al.,	2002;	Christoffersen,	1982;	 Liu	and	Nancollas,	1970).	 It	 is	difficult	 to	 tell	 if	 the	platelets	were	
formed	 initially,	 and	 by	 virtue	 of	 their	 morphology,	 remained	 entrained	 in	 the	 bed	 while	 needle	 shaped	
particles	 were	 elutriated.	 The	 other	 possibility	 could	 be	 that	 needles	 attached	 on	 to	 the	 seeds	 and	
subsequently	morphed	 into	platelets	because	they	were	exposed	to	a	highly	supersaturated	environment.	
However,	 the	 presence	 of	 both	 plates	 and	 needles	 are	 not	 uncommon	 in	 regions	 with	 supersaturation	
gradients.	 The	 presence	 of	 two	 different	 morphologies	 (plates	 and	 needles)	 for	 different	 levels	 of	


















The	 presence	 of	 primary	 particles	 may	 also	 be	 an	 indication	 of	 heterogeneous,	 homogeneous	 and/or	
secondary	nucleation	mechanisms	in	the	system,	even	though	it	is	desired	to	initiate	growth	on	silica	through	
two	dimensional	nucleation.	The	presence	of	seeds	lower	the	activation	energy	required	for	heterogeneous	
nucleation,	 which	may	 have	 produced	 nuclei	 that	 grew	 and	 agglomerated	 onto	 the	 silica	 surface.	 Other	
sources	of	primary	crystals	include	homogeneous	nucleation;	however	unlikely	it	may	be	in	this	system	due	
to	the	high	solid	density.	Furthermore,	 it	 is	well	known	that	secondary	nucleation	is	 initiated	at	the	lowest	





















































as	 spherulites.	 The	 reason	 for	 this	 change	 in	 morphology	 is	 because	 the	 membrane	 experiences	 a	





along	 its	perimeter	and	gradually	establishes	a	 circular	perimeter.	Higher	 levels	of	 supersaturation	 induce	



















































































































differences.	 The	 change	 in	 conversion	 would	 not	 be	 expected	 to	 increase	 significantly	 if	 the	 theoretical	
conversion	was	being	reached,	however,	in	this	case	gypsum	conversion	at	35	g/L	remained	significantly	lower	





































Another	 reason	 for	 this	 discrepancy	 between	 theoretical	 and	 experimental	 conversions	 is	 that	 calcium	
hydroxide	may	not	dissolve	fast	enough.	In	the	case	of	magnesium	conversion,	hydroxyl	ions,	which	react	to	
form	magnesium	hydroxide,	 is	 fed	 in	excess	with	respect	to	magnesium	ions	and	yielded	high	conversions	
(>	98%).	This	 indicates	 that	an	excess	of	calcium	to	sulphate	ratio	may	 improve	sulphate	conversions.	The	
excess	 in	hydroxide	 ions	 arises	 as	 a	 result	 of	 calcium	hydroxide	being	 fed	 in	 stoichiometric	 amounts	with	
respect	to	sulphates	in	the	system,	with	the	amount	of	sulphates	being	more	than	the	amount	of	magnesium	
present	in	the	stream.	In	order	to	determine	if	the	dissolution	of	calcium	hydroxide	was	responsible	for	the	







bed	height,	was	approximately	175	seconds	or	 less,	which	would	be	 insufficient	to	dissolve	all	 the	calcium	
hydroxide.	It	should	be	noted	that	the	dissolution	of	calcium	hydroxide	is	motivated	by	the	consumption	of	
hydroxyl	 ions	 in	 the	 reaction	 with	 magnesium,	 creating	 a	 reactive	 dissolution	 effect.	 However,	 since	
magnesium	 is	 in	 excess	 of	 sulphates,	 once	 the	 reaction	 involving	 magnesium	 has	 completed,	 reactive	
dissolution	ceases.	
It	should	be	noted	that	conditions	within	the	reactor	for	each	concentration	differ	significantly.	Higher	feed	




























due	 to	 fines	 being	 elutriated.	 The	 difference	 between	 the	 recovery	 efficiency	 and	 the	 conversion	 is	 the	
presence	of	fines	in	the	system.	Figure	5.14	shows	the	sulphate	recovery	efficiency	for	concentrations	within	







a	 calcium	 hydroxide	 suspension	 decreased	 with	 increasing	 concentration.	 This	 is	 because	 at	 higher	
concentrations	more	fines	are	expected	to	be	generated,	even	though	conversions	are	expected	to	be	higher.	
However,	 higher	 concentrations	 promote	 conditions	 for	 agglomeration	 and	 growth,	 resulting	 in	 larger	
particles	that	are	too	heavy	to	be	elutriated	which	improves	recovery.	This,	coupled	with	the	faster	rate	of	
crystallization	at	higher	concentrations	increases	the	overall	mass	in	the	reactor	and	may	trap	particles	that	



































The	 maximum	 allowable	 sulphate	 concentration	 for	 discharged	 wastewater	 is	 between	 200-600	 ppm,	
depending	 on	 location	 regulations	 (Meays	 and	 Nordin,	 2013).	 Table	 5.1	 shows	 the	 residual	 sulphate	











Treatment	 of	 this	 particular	 waste	 stream	 using	 precipitation	 only	 does	 not	 yield	 residual	 sulphate	
concentrations	within	the	discharge	 limit.	While	residual	sulphate	concentrations	far	exceed	the	discharge	
limit	 of	 200-600	 ppm	 for	 the	 whole	 concentration	 range	 investigated,	 the	 equilibrium	 residual	 sulphate	
concentrations	show	that	it	is	not	possible	to	reach	the	limit.	Given	the	stream	composition,	the	presence	of	




















































































The	 conversion	 of	 sulphate	 increases	 as	 the	 molar	 ratio	 of	 calcium	 hydroxide	 to	 sulphates	 in	 the	 feed	
increases,	and	reaches	the	predicted	equilibrium	sulphate	conversion	at	an	excess	molar	ratio	of	four	calcium	




























































be	 more	 pronounced	 and	 equilibrium	 conversions	 would	 not	 be	 obtained.	 It	 is	 therefore	 expected	 that	
dissolution	kinetics	are	responsible	for	inefficient	sulphate	conversions.	
At	a	ratio	of	4	calcium	to	sulphate	moles,	the	amount	of	calcium	ions	in	solution	is	simply	higher	than	when	
stoichiometric	amounts	are	 fed,	 and	 thus	 improves	 the	amount	of	 ions	available	 for	 the	 reaction	 forming	
gypsum.	A	larger	amount	of	small	particles	that	dissolve	fast	enough	are	also	supplied,	which	further	improves	
the	 supply	 of	 calcium	within	 the	 residence	 time	 of	 the	 reactor.	 	 Further	 to	 this,	 the	 increase	 in	 calcium	
hydroxide	solids	provide	a	larger	surface	area	exposed	to	the	bulk	solution,	which	speeds	up	the	dissolution	
of	calcium	which	would	in	turn	speed	up	the	rate	of	crystallization.	The	ratio	of	4	times	the	amount	of	calcium	

























The	 first	 step	 in	 this	 process	 involves	 precipitation	 of	 magnesium	 hydroxide	 with	 caustic	 soda	 as	 the	






































































































was	 also	predicted	 that	 a	 large	portion	of	 calcium	hydroxide	 remained	undissolved.	 The	presence	of	 free	
sulphate,	sodium	and	calcium	ions	indicate	that	even	though	ions	are	available,	the	reaction	to	form	gypsum	





FG<= + 2CDE	 Equation	26	














































It	 was	 found	 that	 operation	 of	 the	 fluidised	 bed	 crystallizer	 is	 dependent	 on	 feed	 concentrations	 of	 the	














A	crude	separation	of	magnesium	hydroxide	and	gypsum	could	be	 initiated	 in	 the	 fluidised	bed	at	35	g/L.	






















While	 this	 achieved	 higher	 conversions,	 reagent	 consumption	 was	 not	 efficient.	 The	 accelerated	 rate	 of	
crystallization	makes	control	difficult	due	to	the	large	amount	of	precipitates	formed.	A	longer	residence	time	
in	the	form	of	a	longer	reactor	may	allow	for	effective	supply	of	calcium	hydroxide	without	excess	quantities	
being	 fed	 into	 the	 system.	 This	would	 eliminate	 armouring	 issues,	make	 filtration	 steps	 easier,	 as	well	 as	
decrease	waste	disposal	costs	of	the	effluent	filtrate.	A	longer	reactor	may	improve	the	recovery	of	products	
since	they	spend	a	longer	time	in	the	reactor	and	are	thus	allowed	to	grow	larger	and	settle.	It	would	also	be	




a	 recirculation	 flow	was	primarily	 introduced	 to	 increase	 the	 residence	 time	of	 the	species	 in	 the	 reactor,	






to	 recycle	 fine	 particles	 suspended	 above	 the	 bed.	 Reintroducing	 fine	 particles	 to	 a	 supersaturated	
environment	will	promote	agglomeration	of	fines	to	larger	particles	and	therefore	increase	recovery.	This	is	














making	 it	 an	 impractical	 option.	 Other	 process	 alternatives	 to	 explore	 are	 the	 use	 of	 eutectic	 freeze	
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species	in	 Liquid	1	Species	 Vapor	Species	 Solid	Species	

































	 	 	 2Na2SO4.CaSO4.2H2O	(Eugsterite)	
	 	 	 2NaOH.3Na2SO4	
	 	 	 NaHSO4.H2SO4.1H2O	
	 	 	 NaHSO4.H2SO4	
	 	 	 NaHSO4.2H2SO4	
	 	 	 NaHSO4.1H2O	(Matteuccite)	
	 	 	 NaHSO4	
	 	 	 NaOH.1H2O	
	 	 	 NaOH.2H2O	
	 	 	 NaOH.3.5H2O	
	 	 	 NaOH.4H2O	
	 	 	 NaOH.5H2O	
	 	 	 NaOH.7H2O	





(mol/dm3)	 Activity	coeffMg2+	 Activity	coeffOH-	 Supersaturation	
1,5	 0,01	 0,02	 1,80E-11	 0,46	 0,82	 6,85E+04	
8	 0,05	 0,02	 1,80E-11	 0,43	 0,70	 2,49E+05	
15	 0,10	 0,02	 1,80E-11	 0,38	 0,70	 4,15E+05	
35	 0,23	 0,02	 1,80E-11	 0,29	 0,70	 7,35E+05	
50	 0,33	 0,02	 1,80E-11	 0,27	 0,70	 9,80E+05	








1,5	 0,02	 0,01	 3,14E-05	 0,45	 0,45	 1,7	
8	 0,03	 0,06	 3,14E-05	 0,26	 0,25	 4,2	
15	 0,03	 0,12	 3,14E-05	 0,20	 0,20	 4,8	
35	 0,03	 0,28	 3,14E-05	 0,20	 0,20	 11	
50	 0,03	 0,40	 3,14E-05	 0,20	 0,20	 16	





















































































































































































	 total	 aqueous	 solid	
	 g/L	 g/L	 g/L	
Water	 1052.11	 1052.11	 	
Hydronium	ion(+1)	 5.06E-12	 5.06E-12	 	
Hydroxide	ion(-1)	 1.94849	 1.94849	 	
Sulphuric(VI)	acid	 1.04E-29	 1.04E-29	 	
Bisulphate(VI)	ion	(-1)	 5.21E-11	 5.21E-11	 	
Sodium	sulphate	bisulphate	 4.45E-14	 4.45E-14	 	
NA3OHSO4	 2.69E-04	 2.69E-04	 	
Sodium	ion(+1)	 10.9411	 10.9411	 	
Sodium	hydroxide	 6.48E-07	 6.48E-07	 	
Sulphur	trioxide	 9.10E-44	 9.10E-44	 	
Sulphate	ion(-2)	 18.3162	 18.3162	 	
Calcium	ion(+2)	 0.288748	 0.288748	 	
Calcium	hydroxide	ion(+1)	 0.318987	 0.318987	 	
Calcium	sulphate	 0.810701	 0.810701	 	
Calcium	hydroxide		 21.5486	 	 21.5486	
Calcium	sulphate	dihydrate	(Gypsum)	 9.01304	 	 9.01304	
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